Virus-cell receptor interactions are a major determinant of viral host range specificity, and the identification of specific viral receptors has greatly increased our understanding of viral pathogenesis. However, in recent years it has become appreciated that viral cell attachment and subsequent transfer of viral genomes across the cell membrane are frequently more complex events than previously thought. Several viruses have now been shown to enter cells via receptor complexes rather than by individual cell surface molecules. Virus-receptor complexes are postulated to consist of distinct virus attachment and virus internalization components; e.g., human immunodeficiency virus can bind to human CD4 (27) or galactosyl ceramide (3) but requires the coexpression of the chemokine receptor fusin (15, 24) or CC-CKR-5 (13, 14) for cell entry, and adenovirus type 2 attaches to cells via an unknown primary receptor but requires the presence of integrin ␣v␤3/␤5 for cell entry (41) . Measles viruses can bind either to membrane cofactor protein CD46 or to the membrane-organizing external spike protein moesin; coexpression of both molecules results in a more productive infection (37) . The cell attachment and internalization of the human enterovirus coxsackievirus B3 (CVB3) is thought to employ a receptor complex consisting of decay-accelerating factor (DAF; CD55) and an as yet unidentified 49.5-kDa protein (2, 11, 38) .
Against this background, we questioned whether coxsackievirus A21 (CAV21) requires multiple receptor molecules to initiate productive cell infection. CAV21, a human picornavirus, is a known causal agent of upper respiratory infections and considered to be a possible recombinant between poliovirus and rhinovirus (21) . CAV21 shares a cellular attachment receptor with the major group rhinoviruses: intercellular adhesion molecule 1 (ICAM-1) (7, 26, 39) . Recently, we have shown that anti-ICAM-1 domain 1 monoclonal antibodies (MAbs) can block CAV21 replication in HeLa-B cells at a low virus input multiplicity (10 2 50% tissue culture infective doses [TCID 50 ]/well) (39) . However, the present study was initiated by the finding that anti-ICAM-1 (domain 1) MAbs only partially blocked CAV21 lytic infection at higher CAV21 input multiplicities (10 3 to 10 4 TCID 50 /well), suggesting that additional cellular receptors may be involved in CAV21 cell entry.
Recently, DAF has been identified as a cell attachment receptor for a number of hemagglutinating enteroviruses (1, 2, 6, 22, 38, 40) . DAF is a complement regulatory protein ubiquitously expressed on most mammalian cells, including erythrocytes, and consists of four tandem copies of an approximately 60-amino-acid structural motif, containing conserved cysteine, proline, glycine, phenylalanine/tyrosine, and tryptophan residues, termed short consensus repeat (SCR) (33) . Following the four SCRs, the molecule possesses a serine/ tyrosine-rich region of approximately 70 amino acids, followed by a carboxyl-terminal domain that acts as the signal for the attachment of a glycosylphosphatidylinositol anchor (33) . The human enteroviruses echovirus type 7 (E7) and CBV3 bind to a region which is on or near the third SCR of the DAF molecule (1, 2, 6, 38) . As CAV21 has been reported to agglutinate erythrocytes (20) and to have its replication blocked by a MAb raised against a HeLa cell surface protein that also blocks the replication of a number of hemagglutinating enteroviruses (11), we investigated whether DAF was involved in CAV21 cell attachment and entry.
Here we show that CAV21 binds to DAF as well as ICAM-1. Complete antibody blockade of virus binding to cells expressing both receptors required the combined use of MAbs to both DAF and ICAM-1. Interestingly, blocking of viral binding with a panel of anti-DAF MAbs showed that, uniquely among DAF-binding enteroviruses described to date, CAV21 binds to SCR1. However, although both DAF and ICAM-1 appear to cooperate in viral binding, our experiments indicate that ICAM-1 expression is required for the completion of a successful CAV21 lytic infection.
Biotinamidocaproate N-hydroxysuccinimide ester was added to 50 g/ml, and the sample was placed at room temperature for 15 min. The reaction was terminated by the addition of NH 4 Cl to 10 mM. Cells were washed twice in PBS and resuspended in buffer A (138 mM NaCl, 2.9 mM KCl, 0.5 mM MgCl 2 , 12 mM NaHCO 3 , 0.3 mM NaH 2 PO 4 , 5.5 mM glucose, 10 mM HEPES [pH 7.4]). To determine spatial-functional associations within the biotinylated cell membranes, the cells were exposed to the membrane-permeable, cleavable, homobifunctional chemical cross-linking agent DSP (dithiobis [succinimidylpropionate]) (1 mM) for 60 min at room temperature. The reaction was stopped by the addition of Tris-HCl (pH 7.4) to 50 mM. Surface-labeled, cross-linked cells were washed twice in PBS before lysis in buffer B (1% Triton X-100, 150 mM NaCl, 2 mM EDTA, 50 mM Tris-HCl [pH 7.4], 10 g of soybean trypsin inhibitor per ml, 2 mM phenylmethylsulfonyl fluoride, 20 mM iodoacetamide). Cell lysates were placed on ice for 60 min and then centrifuged at 15,000 ϫ g for 15 min to remove detergent-insoluble material. Soluble lysates were precleared with rabbit antimouse immunoglobulin G coupled to Sepharose 4B (RAM-Sepharose). In some experiments, preclearing with transferrin directly coupled to Sepharose 4B was performed in addition to RAM-Sepharose. Specific proteins were then precipitated with the appropriate antibody, followed by RAM-Sepharose. Immune complexes were washed three times with lysis buffer and resolved (reduced) by SDS-polyacrylamide gel electrophoresis. Resolved proteins were electrophoretically transferred to nitrocellulose membranes. Streptavidin-biotin-horseradish peroxidase complexes were used to probe the membrane, and labeled proteins were visualized by using enhanced chemiluminescence (Amersham Life Sciences, Amersham, United Kingdom). (2, 6, 40) , HRV14, which binds ICAM-1 (8, 18), or CAV21. As expected, E7 bound equally to both lines, while HRV14 bound to HEp2 cells at only 20% of the level observed for HeLa-B cells (Fig. 1B) , reflecting the lower levels of ICAM-1 on this cell line. However, unexpectedly, CAV21 bound equally to both cell lines (Fig. 1B) .
RESULTS

Inhibition
To further examine the nature of the CAV21 cell attachment, virus binding following anti-DAF and ICAM-1 MAb blockade was undertaken. The results shown in Fig. 1C , indicate that the anti-DAF SCR3 MAb (IH4) blocked E7 binding, while the anti-ICAM-1 domain MAb (WEHI) significantly reduced HRV14 attachment to HeLa-B cells. Surprisingly, CAV21 binding was unaffected by pretreatment of HeLa-B cells with either MAb. The anti-PVR MAb 280, used as a negative control, was unable to reduce the binding of any of the viruses. These findings suggested that CAV21, in the presence of ICAM-1 receptor blockage, can attach to an alternate receptor.
To investigate whether DAF may play a functional role in CAV21 cell binding, HeLa-B and HEp2 cells were pretreated with PI-PLC. This enzyme cleaves molecules with a glycosylphosphatidylinositol cell anchor, including DAF, releasing them from the cell surface (12) . Each cell type was preincubated in the presence or absence of PI-PLC and then incubated with purified [ 35 S]methionine-labeled E7 or CAV21. The data shown in Fig. 2A reveal that PI-PLC treatment abolished E7 binding to both lines; however, whereas CAV21 binding was reduced on HEp2 cells, binding to HeLa-B cells was unaffected. This result suggested that on HeLa-B cells that express high levels of both ICAM-1 and DAF, CAV21 can bind to either molecule, whereas in the absence of DAF on the PI-PLC-treated HEp2 cells, binding is significantly reduced due to a lower level of ICAM-1.
To substantiate the notion that CAV21 could bind to either ICAM-1 or DAF on HeLa-B cells, PI-PLC-treated cells monolayers were incubated either with MAb 280 (anti-PVR), as a control, or with MAb WEHI (anti-ICAM-1) prior to exposure to radiolabeled E7 or CAV21. In this instance (Fig. 2B ), following the removal of DAF, the anti-ICAM-1 MAb significantly reduced CAV21 binding. As was previously observed, E7 cell attachment was abolished by PI-PLC treatment.
Identification of the CAV21 binding domain on DAF as SCR1. To confirm that CAV21 bound directly to DAF, we measured viral binding to CHO cells transiently expressing either ICAM-1 or DAF. Flow cytometric analysis revealed that approximately 25% of the transfected cell populations expressed detectable levels of either DAF or ICAM-1 (data not shown). The results (Fig. 3) show that CAV21 bound to CHO cells expressing either DAF or ICAM-1. These data established that CAV21, in addition to binding to ICAM-1, can also bind to DAF. Therefore, we used MAb blockade to map the CAV21 binding region on the DAF molecule. An anti-SCR-3 DAF MAb failed to block CAV21 binding to HeLa-B cells (Fig. 1C) ; therefore, blockade by MAbs to each of the four SCRs of DAF was tested. Following incubation for 48 h, the transfected cells were exposed to radiolabeled CAV21. With the transfected CHO cells, it was found that MAbs to SCR2, 3-, or 4-of DAF did not inhibit CAV21 binding to cells expressing either DAF or ICAM-1 (data not shown). However, a MAb to the SCR1 of DAF (IA10) virtually abolished virus binding to the DAF-expressing cells while having no effect on binding to ICAM-1-expressing cells (Fig. 3) . The anti-ICAM-1 MAb inhibited binding to CAV21 only to the cell expressing ICAM-1 and had no effect on viral binding to DAF (Fig. 3) .
The MAb directed against the first DAF SCR also partially reduced CAV21 binding to HeLa-B cells and greatly reduced CAV21 binding to HEp2 cells, while the remaining anti-DAF MAbs were ineffective on both cell lines (Fig. 4) . The combination of the anti-ICAM-1 MAb together with the anti-DAF SCR1 MAb abolished residual CAV21 attachment to both HeLa-B and HEp2 cells. No other combination of anti-ICAM and anti-DAF MAbs (SCR2-, 3-, or 4-) blocked CAV21 binding to either cell type (Fig. 4) . These data indicate that CAV21 binds to either DAF or ICAM-1 and that the DAF binding occurs on a region that is on or proximal to the N-terminal DAF SCR.
Inhibition , whether used by itself or in combination with the anti-ICAM-1 MAb, had no effect in blocking CAV21 lytic infection (Fig. 5) . Surprisingly, the anti-DAF (SCR3) MAb, whether used alone or in combination with the anti-ICAM-1 MAb, was able to significantly block CAV21 infection on both cell lines (Fig. 5) . This result suggested that DAF and ICAM-1 may be coexpressed in close proximity at the cell surface, such that binding of the anti-DAF (SCR3) MAb may form a physical barrier preventing ICAM-1-bound CAV21 interacting with the cell membrane.
DAF and ICAM-1 are spatially associated on the cell surface. To investigate whether DAF and ICAM-1 were expressed in close proximity, HeLa-B cells were surface biotinylated, chemically cross-linked, and immunoprecipitated with anti-DAF and anti-ICAM-1 MAbs (Fig. 6A) . In the absence of cross-linking, the anti-DAF MAb immunoprecipitated two polypeptides of 68 and 78 kDa, while the ICAM-1 MAb immunoprecipitated a polypeptide of approximately 90 kDa. The negative control MAb did not recognize any polypeptides corresponding to those identified by either anti-DAF or anti-ICAM-1 MAbs. In all reactions, a band at 87 kDa, probably representing contaminating transferrin receptor (CD71), was seen, and two unidentified bands at 66 and 73 kDa were observed. Following cross-linking, immunoprecipitation with the anti-DAF MAb revealed a polypeptide profile similar to that obtained from non-cross-linked cells. Immunoprecipitation of cross-linked cells with the anti-ICAM-1 MAb identified the ICAM-1 band at 90 kDa also seen in non-cross-linked samples but also revealed an additional polypeptide of 78 kDa, similar to that observed in both DAF MAb immunoprecipitates (Fig.  6A) . The fact that no detectable ICAM-1 was observed in the cross-linked anti-DAF immunoprecipitate from these cells may reflect the fact that as DAF is expressed in much greater levels than ICAM-1 on the surface of HeLa-B cells (Fig. 1A) , a large proportion of cell surface DAF is not associated with ICAM-1. Therefore to substantiate that a spatial association exists between DAF and ICAM-1, COS cells transiently expressing comparable levels of either DAF or ICAM-1 or both DAF and ICAM-1 were subjected to the same cross-linking procedure. Following biotinylation and prior to immunoprecipitation, transfected COS lysates were precleared with transferrin-coupled Sepharose beads to remove contaminating CD71 from the immunoprecipitates (Fig. 6B) . Anti-ICAM-1 and anti-DAF MAbs identified only polypeptides corresponding to ICAM-1 (a broad band from 80 to 90 kDa) and DAF (bands at 70 and 80 kDa), respectively, from the COS cells cotransfected with DAF and ICAM-1 cDNAs (Fig. 6B) . However, following cross-linking of these cells, immunoprecipitation with either anti-ICAM-1 or anti-DAF MAbs identified polypeptides corresponding to both DAF and ICAM-1. These results indicate that DAF and ICAM-1 are coexpressed in close proximity on the cell surface. Can DAF mediate a productive CAV21 cell infection? To address this question, CHO cells either stably or transiently expressing DAF were inoculated with CAV21 at 1.0 TCID 50 / cell. Observation of cells over a 48-h period postinfection (p.i.) failed to detect cell lysis or changes in cell morphology. Also, titration of CAV21 yields in these cells at 24 h and 48 h p.i. did not detect any increase in CAV21 titer compared to the level observed at 0 h p.i. (data not shown).
This finding may have resulted from the use of hamster cells; therefore, we determined whether a human cell that expressed DAF but not ICAM-1 was susceptible to CAV21 infection. Flow cytometric analysis using anti-DAF and ICAM-1 MAbs indicated that rhadomyosarcoma (RD) cells might be a suitable cell line: although the level of DAF expression on these cells was found to be lower than on HeLa-B cells, ICAM-1 expression was undetectable (Fig. 7A) . Therefore, the CAV21 binding capacity of these cells was assessed and compared to that of HeLa-B cells. The data shown in Fig. 7B indicate that CAV21 bound to the surface of RD cells to about 30% of the level observed for HeLa-B cells and that this attachment could be reduced to background levels by pretreatment with an anti-DAF SCR1 MAb. To test for susceptibility to CAV21 infection, confluent monolayers of RD cells in 24-well plates were inoculated with CAV21 (1.0 TCID 50 /cell) and monitored for signs of lysis and changes in cell morphology over a 48-h period. No detectable signs of CAV21-induced cell lysis were observed, and analysis of viral titers at 0, 24, and 48 h p.i. revealed insignificant levels of viral growth (data not shown).
To establish whether the presence of ICAM-1 was the limiting factor in inducing CAV21-mediated cell lysis, RD cells were transfected with either ICAM-1 or CD36 cDNA in the mammalian expression vector pEFBOS or with vector alone. The relative levels of ICAM-1 and CD36 cell surface expression were assessed at 48 h posttransfection by using flow cytometry. Approximately 70% of the transfected RD cells specifically expressed detectable levels of either ICAM-1 or CD36. The control transfectants (pEFBOS) expressed neither antigen, and expression of either ICAM-1 or CD36 had no effect on endogenous DAF expression (data not shown). Confluent monolayers of each of the transfected RD cell populations were inoculated with CAV21 (1.0 TCID 50 /cell) and examined for signs of infection over the next 48 h. As shown in Fig. 7C , the presence of surface-expressed ICAM-1 facilitated virtually complete lysis of the cell monolayer by CAV21, while vectorand CD36-transfected RD cells were unaffected by the virus.
To determine whether DAF played a significant biological role in CAV21-mediated lysis of ICAM-1-expressing RD cells, surface DAF was removed from these cells by treatment with PI-PLC prior to and during infection with CAV21. The fluorescence histograms in Fig. 8A of uninfected cells following the 24-h incubation period at 37°C in the presence or absence of PI-PLC indicate that PI-PLC treatment reduced DAF levels to near background while not affecting the expression of either transfected ICAM-1 or the endogenous PVR. ICAM-1-expressing RD cells preincubated in the presence or absence of PI-PLC were infected with fivefold dilutions of stock preparations of E7, PV2, or CAV21 and following a 24-h incubation period were examined for signs of cell lysis. Viral titration curves (Fig. 8B) indicated that PI-PLC treatment of ICAM-1-expressing RD cells significantly reduced E7-mediated cell lysis, while the lytic effect of PV2 and CAV21 remained unaffected.
DISCUSSION
In this study we show that CAV21 can bind to both DAF and ICAM-1 and that MAbs directed against the N-terminal domains of DAF and ICAM-1 specifically abolished binding to CHO-DAF and CHO-ICAM-1 transfectants, respectively. Individually, these antibodies had little, if any effect on binding of CAV21 to permissive HeLa-B cells (high DAF and ICAM-1 expression), but used in combination, they inhibited viral binding and replication. Interestingly, in this cell line, the anti-ICAM-1 MAb did not reduce viral binding but partially blocked CAV21 lytic infection. Removal of surface DAF from HeLa-B cells by PI-PLC treatment did not reduce CAV21 binding, but subsequent treatment with an anti-ICAM-1 MAb significantly reduced CAV21 attachment. In HEp2 cells (high DAF and low ICAM-1 expression), the anti-SCR1 DAF MAb used alone significantly blocked CAV21 binding and infection. As combinations of the anti-DAF and ICAM-1 MAbs completely block attachment and replication in both HeLa-B and HEp2 cells, these results suggest possible receptor cooperativity between DAF and ICAM-1 in CAV21 cell entry.
The existence of a spatial association between DAF and ICAM-1 was indirectly identified by the capacity of an anti-DAF (SCR3) MAb to significantly block CAV21 infection without reducing cell attachment. It was considered that binding of this MAb to DAF may form a physical barrier preventing ICAM-1-bound CAV21 from penetrating the cell membrane. Subsequent chemical cross-linking investigations confirmed that DAF and ICAM-1 are closely associated on the cell surface. It is interesting that while DAF MAb blockade can block cell infection by CAV21, it had no effect on that of HRV14 (data not shown). Considering that HRV14 and CAV21 compete for the same binding epitope on ICAM-1, and both viruses are conformationally altered following ICAM-1 binding, this finding provides indirect evidence for a functional role of DAF in the cell entry of CAV21. These data confirm and offer an explanation for findings from a previous study, which found that a MAb recognizing a HeLa cell surface protein (now identified as DAF [2] ) could block cell infection by CAV21 but not by HRV14 (11) .
It was therefore important to determine whether DAF could act independently as an alternate receptor for CAV21 or whether DAF and ICAM-1 functioned together as a receptor complex. To address this question, normally nonpermissive CHO cells were transfected with the cDNA encoding human DAF and were then inoculated with CAV21; cell lysis or evidence of virus growth was not observed. Additionally, low-DAF-expressing rhadomyosarcoma (RD) cells that bound CAV21 were shown to be insusceptible to lytic infection. This was not simply a function of reduced DAF expression, as these cells were refractile to infection when surface DAF levels were increased following transfection with human DAF cDNA (data not shown). However, transfection of these cells with ICAM-1 cDNA rendered them highly susceptible to CAV21 lytic infection. Interestingly, RD cells have been reported as the cell line of choice for the isolation of group A coxsackieviruses (36) and have previously been shown to support replication of both HRVR14 and CAV21 (11) . As the cellular receptor for HRVR14 is ICAM-1, it is probable that some lines of RD cells express ICAM-1, accounting for their susceptibility to CAV21 infection.
To determine whether the coexpression of DAF and ICAM-1 had an additive effect on CAV21 cell infection, levels of cell lysis in ICAM-1-expressing RD cells treated with PI-PLC were assessed. PI-PLC-mediated removal of DAF from these cells had no detectable effect on CAV21-or PV2-induced lytic infection, while E7 infectivity was significantly reduced. These findings indicate that DAF has little effect on ICAM-1-mediated CAV21 cell infection; however, as low levels of DAF may have persisted during the PI-PLC treatment, an involvement of DAF cannot be completely excluded.
The dual receptor binding capacity of CAV21 raises the question as to whether two separate binding sites for DAF and ICAM-1 exist. X-ray crystallographic and electron density mapping studies have indicated that the related enterovirus CBV3 has two predicated canyon-like structures (32) . The first, which is not as pronounced as that for the well-characterized rhinoviruses and polioviruses (8, 35) , surrounds the pentameric apex of VP1, while the second is a twofold surface depression lined with residues from VP2 and VP3. It has been suggested that the secondary or alternate receptor for CVB3 binds to epitopes within the second canyon-like structure (32) . Extrapolating from these findings, it can be postulated that the N terminus of ICAM-1 might dock into the primary capsid canyon of CAV21 (as is the case for HRV14 [8, 29] ) and thus initiate a conformational change, leading to cell infection. In the case of DAF, the N terminus of the molecule might bind to an epitope located in the second canyon-like structure, as was postulated for the binding of CVB3 RD variant to DAF (25, 32) , but in this case without facilitating a viral conformational change. Studies addressing these questions are under way.
What physiological role, if any, does DAF play in the CAV21 cell entry mechanism? Unlike the cell entry of measles virus, where either CD46 or moesin can independently mediate infection (37) , CAV21 cell entry appears to occur only in the presence of ICAM-1. For a productive cell infection by a human enterovirus, it is generally accepted that a specific receptor-induced conformational change in the viral capsid is required (5, 10, 16, 17, 19) . Previously, we have shown that ICAM-1 induces a conformational change in the CAV21 capsid, facilitating entry into mouse cells expressing human ICAM-1 (39) . A possible explanation for the apparent inability of DAF to mediate productive cell infection by CAV21, therefore, may be an inability to induce a specific conformational change in the CAV21 capsid. While this remains to be tested, DAF expression is almost ubiquitous throughout the human body (33) , and as DAF and ICAM-1 appear to be surface expressed in close proximity, it is reasonable to postulate that DAF may function as an initial low-affinity CAV21 attachment receptor, thereby providing the virus with a sequestration site which may also enhance viral presentation for high-affinity binding to ICAM-1. However, because of the spatial association of DAF and ICAM-1 on the cell surface, a possible indirect role for DAF as a biological scaffold, promoting more efficient presentation of viral binding epitopes on the ICAM-1 molecule, might also be invoked in this process.
